The development of radiocarbon dating for degraded bone samples collected at Korean archaeological sites has been successful through the characterization of raw bone C/N ratios and application of an ultrafiltration method. It was found that the C/N ratios of raw bone samples are inversely proportional to the carbon content and residue amount after gelatinization. We have examined a few dozen Korean archaeological bone samples for this study. Well-preserved bone samples are found to be physically dense. The range of C/N ratios of Korean raw bone samples ranged from 3.4 to 74. We found that the C/N ratios of degraded raw bone samples can be used to determine whether 14 C samples are acceptable for normal pretreatment processing and eventual dating. The results of this study support that even if the C/N ratio of a degraded raw bone sample is 11, extraction of collagen for bone dating is feasible by a carefully designed ultrafiltration process. Our preliminary 14 C dating results of a depth profile of Gunang-gul Cave, an archaeological site in Danyang, Korea, indicate that this site has been either geologically or anthropologically disturbed in the past, with 14 C ages ranging from 28,910 ± 200 to 48,090 ± 1050 yr BP. The C/N ratios of the collagen samples of Gunang-gul were determined to be 3.2-3.6. Our study establishes a new guide for the pretreatment of degraded bone samples such as those collected in Korea for 14 C dating.
INTRODUCTION
Applications of radiocarbon bone dating have increased in both archaeological studies and forensic investigations. In Korea, archaeological bone materials are frequently excavated from numerous Paleolithic sites. The bones are often weathered and degraded due to the wet, hot Korean climate. In the case of a recently investigated archaeological cave site, Gunang-gul in Danyang, Korea, we found a soil profile that included bone materials in a matrix of paleosoil deposits and rock debris. 14 C dating of this site is important to understanding the Paleolithic culture of Korea. In order to obtain an accurate date of the weathered bone samples, we have developed a pretreatment procedure that optimizes the possibility of obtaining a reliable bone date.
One of the primary objectives of this research was to develop an effective pretreatment method for optimizing age determination of degraded bone samples. Understanding the characteristics of bone samples associated with high degradation is important for both archaeological and anthropological studies. It is true that many bone samples are difficult to date because the existing method is not designed for severely degraded bones. The most difficult environments for bone degradation are associated with caves and underground sites. Environmental factors that lead to the degradation of collagen (pH, hydrology of the matrix, oxygenation, temperature, and changes brought about by soil flora and fauna; Henderson 1987) are especially enhanced in underground environments such as caves. It is known that the protein component of bone undergoes relatively slow hydrolysis to peptides, which then break down into amino acids (Henderson 1987) . In a burial environment, the spontaneous rearrangement of the inorganic crystalline matrix, which weakens the protein-mineral bond, leaves the bone susceptible to dissolution by the action of internal and external agents (Berna et al. 2003) . Changes during diagenesis include random cross-linking, humification of parts of the molecule, attachment of exogenous humic materials, and hydrolysis with preferential loss of some amino acids (Hedges and van Klinken 1992) .
Collagen materials of well-preserved Paleolithic bones have C/N ratios ranging between 3.1 and 3.4 (Jacobi et al. 2006) . Other studies show the range of the collagen C/N ratios for fossil bones as 3.1 to 11.1 for human and moa bones (Ajie et al. 1991) , 3.1 to 8.3 for a dolphin bone and 3.0 to 3.5 for a molar fossil bone in Japan (Minami et al. 2004) .
EXPERIMENTAL
We gathered about 40 old bones recognized to be various types of animal bones. Most of these samples were excavated bones from Paleolithic sites. The majority of these animal samples are deer bones and obtained from the Gunang-gul Cave site located in Danyang, Korea. We also included 3 well-preserved bone samples from the NSF Arizona AMS Laboratory. We cleaned these bone samples with pure water and ultrasonic cleaning steps. C/N ratios of the untreated bone samples were determined using an elemental analyzer at KIGAM to determine the population trend of C/N ratios of Korean bone samples that we have received for 14 C dating.
The C/N ratios of raw bone samples varied from 2.91 to 196. We selected 8 representative bone samples with C/N ratios of 3, 5, 8, 11, 34, and 76. These bone samples were then processed to obtain the 14 C age using the best characterized condition (i.e. 70 ºC for 12 hr) of bone sample treatment determined Kim et al. (2010) . We intended to determine the limit of the bone dating capabilities for Korean bone samples in order to determine the acceptable range of untreated bone C/N ratios for commercial samples submitted to KIGAM. Figure 1 shows various raw bone samples and microscopic images for 2 fossilized bone samples of this study. Samples were also converted to collagen at 70 ºC using the methods described in Kim et al. (2010) . Collagen samples were also separated with 4 Centriprep ® filters of different molecular sizes: 3, 10, 30, and 50 kD. Figure 2 shows the relationship between bone C/N ratios and carbon content of various raw bone samples collected in Korea, as well as 3 bone samples from the NSF Arizona AMS Laboratory. The point at the far-right side of the figure is associated with modern cow bone (C/N = 2.91; C% = 18.49) and well-preserved samples have lower C/N ratios with higher carbon content. The well-preserved bone samples have raw bone C/N ratios of ~3 and they are much denser than those associated with higher C/N ratios. It is known that C/N ratios represent the degree of the degradation of bone samples. Well-preserved Paleolithic bone samples have C/N ratios ranging from 3.1 to 3.4 (Jacobi et al. 2006) . The raw C/N ratios of the Korean archaeological bone samples ranged from 3 to 196 with nitrogen contents from 0.02% to 4.77%. The nitrogen range compares well with the reference of nitrogen content (%) of 5 classified whole bone materials in Stafford et al. (1988) .
RESULTS

C/N Ratios of Various Archaeological Bone Samples
Collagenization of Degraded Bones
Eleven bone samples associated with various C/N ratios of raw bone materials from 3 to 73 were processed to extract collagen fractions. For the sample with a raw bone C/N of 7.85, its collagen fraction size was <10 kD but >3 kD (i.e. 10-kD molecular weight fraction cutoffs) ( Figure 3) . Also, there might be some collagen fraction smaller than 10 kD. However, a blank sample obtained from the NSF Arizona AMS laboratory with a C/N ratio of 2.55 displayed a residual concentrated fraction using the 30-kD filter. This implies that the Arizona blank sample is well preserved. The most abundant collagen is yielded using filters of 30 to 50 kD.
The C/N ratios of all extracted collagen samples from the degraded bone samples acquired at Guang-gul Cave ranged from 3.23 and 3.56. This suggests that the collagen extraction methods for degraded bone samples established from this study are feasible for reliable bone dating applications. Figure 3 shows the normalized bone collagen amount per 1 g for various bone materials with respect to their bone C/N ratios. The raw bone C/N ratios are a good parameter for estimating collagen preservation and thus useful for 14 C dating. We take a raw bone C/N ratio of 11 as indicative of a sample Figure 2 The relationship between C/N ratios and carbon content of raw bone samples submitted for 14 C dating at KIGAM (UA = University of Arizona AMS lab). that can yield sufficient collagen for dating. Also apparent from Figure 3 is that the collagen molecular weight does not depend on the bone C/N ratios. However, collecting all collagen fractions except the smallest fraction (i.e. 3 kD) will be helpful in increasing the datable collagen amount.
C/N Ratios vs Carbon Content (%) of Bone Samples
The age of the bone blank sample from the University of Arizona was determined to be ~50,000 yr BP. Unlike the blank sample, all of the Korean samples were from more degraded conditions and associated high bone C/N ratios. Figure 4 shows the raw bone C/N ratios with respect to the residue on the glass filter. Samples with lower bone C/N ratios tend to have higher residue on the filter. The relatively well-preserved bone samples of this study show residue amounts of 2-6% on the glass filter after collagenization. 
Radiocarbon Ages of Gunang-gul Cave from a Paleolithic Site in Danyang, Korea
As a final step of this study, we obtained 14 C ages for degraded bone samples collected at Gunanggul, a prehistoric cave site in Danyang, Korea. The bone samples of this cave site were identified to be mostly (95%) deer bones. A few human bones were found, which were not available for dating. We processed deer bones and a deer tooth. Figure 5 shows the locations of sampling areas in the cave. The samples labeled TA and KA are located near the wall and central part of the cave, respectively. Samples labeled KATA were from the area straddling KA and TA. Table 1 shows the 14 C ages for Gunang-gul samples and the C/N values for both bone and collagen materials. The 14 C ages range from 28,910 ± 200 to 48,090 ± 1050 yr BP ( Figure 6 ). Some materials acquired at greater depths were younger than those samples collected at shallower depths, suggesting a disturbance at 160 cm depth either by geological process or anthropological activities. As shown in Figure 5 , Gunang-gul Cave rock debris falls periodically from the ceiling of the cave and the ground surface of the cave is uneven. Gunang-gul has been partially excavated a few times since the first excavation in 1997. The bone materials of this study were collected from the cave in 2007, at which time there was evidence of a partial collapse observed within the cave. 
CONCLUSIONS
Obtaining 14 C ages of degraded bone samples is a challenging task for Korean archaeological sampling. Due to the local climate, Paleolithic bone samples appear not to be as well preserved as samples from other parts of the world. Our goal has been to better understand the C/N ratio of raw bone samples and how it relates to collagen quality, as well as maximizing the collection of all possible collagen fractions in order to optimize the datable collagen materials for 14 C dating. Since the determination of datable bone samples for 14 C dating cannot be solely based on the physical appearance, an initial investigation of the bone C/N ratio is found to be effective up to a value of 11. We note the collagen molecular size for degraded bone samples appears not to be related simply to the bone C/N ratio. Our 14 C dating results of the Paleolithic Gunang-gul Cave site in Danyang, Korea, ranged from 28,910 ± 200 and 48,090 ± 1050 yr BP. Due to the large range, this site is thought to be disturbed by either geological or anthropological activities in the past. Further investigation with more sample analyses of this site is required to unravel the archaeological history of the Gunang-gul site, as well as possible modification of the site either by geological or man-made processes.
